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1. INTRODUCTION

This is the final report of a three-year effort conducted at the
Explosives Research Center of the Bureau of Mines concerned with adverse
hypergolic ignition phenomena.

Recent simulated high-altitude start test firings of 100-1b thrust
pulse modulated Apollo RCS engines using the propellant combination
Aerozine-50/nitrogen tetroxide have resulted in explosive ignitions (hard
starts) that permanently damage the engine complex. Although to date such
incidents have been limited to low thrust attitude control engines, there
is no evidence that larger engines are not susceptible to similar phenomena.

These engine failures during simulated altitude starts have prompted
the Manned Spacecraft Center (MSC), Houston, Texas, to investigate their
occurrence, and at the request of MSC, the Explosives Research Center of
the Bureau of Mines has undertaken this problem. This effort consisted
of two programs, a literature and industry survey and an experimental
study designed to supplement the information disclosed in the survey. The
results of both these programs, as related directly to the hard start prob-

lem, are included in this report.

The survey section of this report covers all the work, including that
reported by the Bureau to date, concerned with the various pressure spiking
processes believed to occur in the engines during the initial period of
engine start. These include manifold spiking, heterogeneous combustion
and condensed phase combustion. Manifold spiking is evidenced by a rapid
sequence of strong pressure spikes in the engine's nitrogen tetroxide feed
lines following valve opening. Heterogeneous combustion concerns the
ignition and initial propagation of flame through the propellant spray-
vapor system accumulated in the engine combustion chamber during the pre-
ignition period. Finally, condensed phase combustion is the burning of solid
or liquid materials (reactants and/or product material formed during the
preignition or post combustion periods) that have accumulated on the engine's
interior chamber walls. The study concerning the condensed phase materials
has to date been the primary interest of the Explosives Research Center;
experimental details and observations of this investigation are described in
a later section of this report to avoid confusing experimental details with
information contained in the survey.

The Bureau's experimental effort involved: (1) the combustion charac-
teristics of the propellants individually and jointly, (2) the identification
of preignition reaction products, and (3) the physical and combustion char-
acteristics of these products in relation to their presence in these engines.
The structural and inertial responses of small rocket engines to internal
explosions were also studied. Propellants used in these studies consisted
of the common hydrazine fuels: hydrazine (N2H4),monomethylhydrazine (MMH) ,
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unsymmetrical dimethylhydrazine (UDMH), and Aerozine-50 (A-50, a 50:50
mixture by weight of N2H4 and UDMH). The oxidant was nitrogen tetroxide
N204.

A section describing some principles of combustion has been included
to familiarize the reader with the concepts and terms necessary to under-
stand this report. Those readers already well versed in basic combustion
principles can omit this section without any loss of continuity.

1I. COMBUSTION PRINCIPLES

Combustion involving gases or condensed-phase material can be either
deflagrative or detonative. Deflagrative combustion is characterized by
the subsonic propagation of the combustion zone relative to the burning
material. Detonative combustion is characterized by supersonic propagation
of the combustion front relative to the unburned material. With subsonic
propagation of a deflagration in a gas mixture, the pressures developed in
the combustion zone are readily dissipated into the environment. Conse-
quently, deflagrations are characterized by a small pressure differential
across the combustion zone, that is, the ratio of the pressures across the
front is approximately one. Specifically, if the propagation velocity of
the combustion zone is less than about 1/10 the speed of sound relative to
the unburned material, the pressure ratio is almost one. Thus, when a gas
mixture in a closed volume burns deflagratively, the increase in pressure
due to combustion is uniformly distributed (hydrostatically) throughout
the mixture; as the propatation velocity increases, approaching the speed
of sound, the pressure ratio rises rapidly.

A detonation, on the other hand, exhibits large pressure ratios across
the flame front, typically 20 to 50 for gas mixtures. For example, consider
the cylindrical closed vessel 12 inches long and several inches in diameter,
shown in figure 1E, containing a fictitious gas mixture at a pressure of 1
atmosphere, capable of supporting both deflagrative and detonative combustion
processes depending on the type of ignition. Assume that (1) the mass flux
through the flame front is constant and independent of the pressure, (2) the
gas pressurization processes occur adiabatically, (3) the pressure ratio
across the deflagration is 1 and across the detonation, 13, and (4) the
corresponding burning velocities (speed of flame relative to unburned gas
immediately ahead of the flame) are 10 and 10,000 feet per second, respec-
tively. Figure 1C shows three positions of the flame front as it traverses
the vessel 4, 8, and 12 inches from the ignition source (I). Figures 1A and
1D show the spatial pressure distributions in the vessel corresponding to
the three flame front positions for the deflagration and detonation.

In deflagrative combustion, a volume of gas expands as it traverses
the flame front as a result of thermal and molecular changes, forcing the
flame to a speed greater than its normal burning velocity. Usually this
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increase amounts to a factor of about 10 initially, dccreasing to 1 at

the end of the combustion process. Thus, initially the flame front propa-
gates away from the ignition source with a speed of 10 x 10 or 100 feet

per second relative to the vessel. Since its speed relative to the unbruned
gas is 10 feet per second, which is 1 percent the speed of sound (1,000 feet
per second) in the unburned mixture, the pressure waves developed by the
flame front are rapidly dissipated in the surrounding mixture, resulting

in a uniform pressure distribution throughout the mixture. This is illus-
trated in figure 1C where the pressure of the mixture (burned and unburned)
increases uniformly as the flame propagates down the tube, attaining a

final value of 100 psia when combustion is complete.

On the other hand, in detonation, the flame speed is supersonic relative
to the unburned gas (10,000 feet per second, compared with a sound speed of
1,000 feet per second) and there can be no acoustical transmission of energy
ahead of the combustion front. Consequently, an abrupt pressure discontinuity
or shock wave is formed followed immediately by the combustion zone. The
result is the large pressure spike shown in figure 1D, where the pressure
rises abruptly from an initial value of 15 psia in the unburned mixture to 15
x 13 or 200 psia, behind the shock front (typically, the detonation pressure
is twice the constant volume combustion pressure) and then falls sharply, but
continuously, to about 35 percent of the peak value or 70 psia.

Since it has been assumed in this discussion that the terminal (burned
and unburned) states of the constituents for the deflagration and detonation
processes are the same, the final burned gas pressure will be equal (100 psia).
It should be noted that for a detonation process, a pressure transducer
located in the end wall of the vessel, opposite the ignition source, fails
to detect any change in pressure until the detonation wave reaches it, whereas,
for a deflagration, a transducer similarly placed continuously follows the
uniform pressure increase during the entire combustion process (figure 1B and
1E). When a detonation wave normally impacts a rigid surface the applied
pressure is a combination of the detonation's intrinsic (hydrostatic) pressure
(figure 1D) and the pressure produced by reversal of the momentum of the
moving gases. This normally results in a pressure spike, applied to the wall
following reflection of the detonation, equal to about 2.5 times the intrinsic
pressure,l/ or about 500 psi in this example (figure 1E). Although the final
steady-state pressures for both processes are the same, a detonation delivers
a high impulse load to the vessel walls accounting for much of its destructive
nature. Furthermore, since the thickness of this high pressure zone increases
with distance of travel (figure 1D), its destructiveness increases correspond-
ingly with travel. Normally, if the necessary thermodynamic and chemical
kinetic data concerning the various reactants and products are available, it
is not difficult to calculate detonation pressures, temperatures, and velocities.
Unfortunately, in general, similar calculations are not available for deflagra-
tions, although it is possible to reliably estimate flame temperature and
product gas compositions.
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A similar theory can also be applied to condensed-phase systems with
the following additional considerations. As the speed of sound in condensed
phase materials is normally about 5,000 feet per second, compared with 1,000
feet per second for gases, it is apparent that a subsonic combustion zone
traveling in the condensed-phase material can be supersonic with respect to
the surrounding gas. Consequently, although the combustion is deflagrative
in the condensed phase, it produces a pressure field (blast wave) in the
surrounding gas that behaves as though it were a gaseous detonation. Thus,
usually it is not often possible to distinguish between condensed-phase
detonations and deflagrations by studying the effects of combustion processes
in the surrounding gas environment; these phenomena are usually termed

detonation—-like.

Blast waves produced in the environment of condensed-phase explosions
have spatial pressure distributions similar to detonation waves except that
the pressure decays less rapidly behind the shock front. Since the combustion
zone is absent, its intensity (spike level) decreases more rapidly with
distance of travel, usually decreasing as the reciprocal of the cube of the
distance for spherical charges and the reciprocal of the square of the distance

for cylindrical charges.

The following empirical relation for estimating vessel explosion design
pressures as a function of vessel volume and weight of explosive has been
developed by Loving:g

Pkl
where P is an equivalent hydrostatic pressure in psi, which may be used as
the design pressure in standard calculations, W is the weight of explosive
in pounds, V is the volume of the vessel in cubic feet, and K is a constant.
This constant is different for each explosive (K = 2 x 104 for TNT, 1.5 x
104 for PETN, and 7 x 103 for 40 percent dynamite); the actual value of the
constant depends on the strength and completeness of reaction for the explo-
sive decomposition. This relationship has been used for charge weights up to
5,000 grams.

Of the propellants of interest in this study, hydrazine has been most
intensely investigated, probably because it is the only propellant included
in this study that undergoes monopropellant combustion in the vapor phase.

A Bureau of Minesg/ study in 1949 showed that liquid hydrazine was not
susceptible to detonation, although ballistic mortar experiments with the
liquid gave a TNT equivalence of 135 percent when fired with an Army special
detonator (J-2); this anomalous behavior will be discussed in a later section.
Detonability experiments, in which liquid hydrazine (N,H,) in steel and plastic
tubes (7.25 in. long and 0.875 in. id) was heated to 1%sﬁc and fired at one
end with a (20-gram) tetryl charge, showed no more damage than a similar
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water-filled tube fired under the same conditions. In a later Bureau of
Mines' study2/neither liquid NH, at 90°C nor liquid UDMH at 53°C exhibited
any tendency to detonate in an a?uminum tube (3 in. long, 1.0 in. id) when
fired at one end with 100 grams of tetryl.

Other investigators have studied the detonability of N2H4 vapors., In
general, it has been found that a low energy ignition source, such as a
weak electrical spark or hot wire, does not initiate detonation of N H4
vapors in tubes up to 3 feet long and several inches in diameter. However,
shocks generated by H_, + O, or C_H_ + O2 detonations consistently initiate

22
detonation of N, H vapors. 5,6/

III. IGNITION SPIKE SURVEY

Although it has not yet been determined whether the three pressure
spiking processes described above (manifold, heterogeneous or condensed phase)
are related, this possibility should not be overlooked. Until this has been
determined, it must be assumed that a connection may exist, However, because
of the time delay of about 3 milliseconds between the appearance of manifold
spiking and ignition in these 100-1b thrust engines, it presently seems remote
that they are related. 1In view of the uncertain interdependency of these
three phenomena, our discussion must include them all.

Manifold Spiking: As previously noted, manifold spiking, or "Zot" as
it has sometimes been called, is evidenced by a rapid sequence of pressure
spikes in the N,O, line within a few milliseconds following valve opening.
Initially, this phenomenum was thought to be a water-hammer effect. However,
its intensity and the absence of similar phenomenum in the fuel lines led
investigators to seek other explanations.

One of the first alternate explanations was suggested by Minton and
Zwickz/ who showed that, for the particular engine in question, the N_O
manifold volume empties its liquid contents before the fuel manifold, per-
mitting the fuel vapors in the combustion chamber to condense in the capillar-
ies of the N, O manifold. This condensation process is assisted by the con-
tinual "breathing"” of the empty N,0, manifold as a result of chamber pressure
oscillations during the post combus%ion period. Subsequent restart of the
engine causes explosions in the N_ O,k manifold when the entering N_O K6 encounters
the condensed fuel. These investigators attempted to demonstrate %hg feasibility
of this hypothesis by artifically seeding the NZO manifold volume of a clean
engine with liquid fuel prior to firing. Since tﬁe shape of the manifold
pressure signature obtained in these experiments was similar to those obtained
under normal low pressure operating conditions, the authors concluded that
their hypothesis was correct. This explanation assumes that the N_ O manifold
empties completely, a very unlikely assumption considering the inteérnal com-
plexity of the manifold's geometry. It seems reasonable to believe, in view
of recent studies, that the vapors of any liquid N204 remaining in the manifold
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will react with the fuel deposited in the manifold capillaries producing
hydrazine nitrate. These hydrazine nitrate deposits would in turn react
with the entering liquid N204 on restart to produce the observed pressure

spiking.

Another explanation for the manifold spikes has been advanced by
researchers at Dynamic Science Corporation (DSC) who contend that the
propagation of a shock wave through cavitated liquid NZOA produces shock
amplification by means of the exothermic reaction: 2NJ.~pN O0,. In explor-
atory studies in which boiling N_O was impacted with s é%d%ks having a
pressure ratio of about 6, they measured pressure spikes in the boiling
liquid having ratios as large as 200, corresponding to a pressure amplifi-
cation of 30. These investigators believe that, following valve opening
in an engine, the N20 in the feed line cavitates (boils), and upon reaching
various restrictions %n the manifold, a water-hammer effect is produced which
is amplified by the above exothermic reaction in the cavitated system, thus
producing the observed pressure spiking.

However, an alternate explanation might be presented to account for
shock amplification in cavitated liquids, namely, the collapse of vapor
cavities in a pressure gradient. An extensive survey of the dynamics of
a collapsing bubble has been made by Ivany.§ In particular, the experiments
of Naude and Ellis,g//Shutlerand Mesle,lg/ and Benjamin and Ellisll have
established the existence of shocks and Jjets during the collapse of bubbles
in pressure gradients. Recent experiments conducted at the Bureau with shocks
and collapsing bubbles in liquids have demonstrated that hypervelocity jetslg/
result from shock and bubble interaction. These Jets in turn give rise to
spherical shock waves in the bulk liquid, which by Huygen's principle, coalesce
into a shock front adding to the existing or driving shock. The extent of
shock amplification by such a process depends, among other things, on the size
and number density of the contained bubbles and on the shock strength. Although
a quantitative analysis of this shock--bubble interaction remains to be found,
a qualitative explanation has been formulated in reference.1ll/

It is apparent from this discussion that a satisfactory explanation of
manifold pressure spiking is not available and further studies are required
to determine the exact nature of the phenomenum,

Heterogeneous Combustion: Heterogeneous combustion concerns the burning
of a mixture of gaseous and condensed-phase material such as is found in the
liquid propellant rocket engine combustion chamber. 1In the case of the hyper-
golics this constitutes a system containing droplets and vapors of the two
propellants and any gas or condensed-phase material formed as a result of
chemical reaction during the preignition period or remaining from previous
pulses.

Heterogeneous combustion has not been investigated to the same extent
as homogeneous combustion; however, both systems exhibit deflagrative and
detonative combustion phenomena. Heterogeneous deflagrations have been
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studied for many years, but, as in the case of homogeneous systems, their
complexity prevents many generalizations regarding their combustion char-
acteristics; therefore it is usually necessary to study each system indi-
vidually. Initially, there was some skepticism regarding the detonability

of sprays due to the extended reaction zone arising from the anticipated
leisurely droplet evaporation processes. However, it was found that droplet
shatter behind shock fronts provides a very rapid process for converting
drops to vapor. Williamsl3/ was one of the first investigators to examine
the theoretical ramifications of heterogeneous detonations, and it was his
suggestion that droplet shatter might provide the mechanism for sustaining
heterogeneous detonation. Webberld/ and Cramerid conducted experiments

on the combustion of diethylcyclohexane spray oxXygen mixtures using a shock
wave to ignite the mixture. They observed the propagation of a steep-fronted,
high velocity wave which they termed "detonation-like". Busch, Laderman and
Oppenheimlﬁ/ pursued a theoretical analysis of the amplification of pressure
waves in two-phase combustion systems. The most recent work in spray detona-
tions was conducted by Ragland, Dabora, and Nicholls at the University of
Michigan.iz/ They extended Williamsl3/ analytical treatment by relaxing a
number of his assumptions. A listing of these analytical expressions and
their homogeneous counterparts can be found in their reportl_ where it is
shown that if the sprays are sufficiently dilute, that is, if the volume
fraction of liquid to gas is much less than one, one can use the familiar
homogeneous detonation relations to calculate the detonation pressure ratios
and velocities. Whether or not the liquid volume fraction in these engines
at the time of ignition satisfies these requirements remains to be determined;
however, until this information is available, it will be assumed that the
homogeneous detonation relationships can be applied.

In experiments using diethylcyclohexane--oxygen mixtures and a 2-inch
id by 8-foot steel pipe, Ragland et al,—’ measured maximum detonation
velocities of about Mach 5 (5,300 to 5,700 feet per second) and pressure
ratios of 30 to 1. These values are lower than their theoretical values
of 7,850 feet per second and 45 to 1 for the velocity and pressure, respec-
tively. The latter value is probably in error because the calculation
neglects the finite extent of the reaction zone which may be appreciable
for sprays. Extending the reaction zone behind the leading shock relaxes
the coupling between the shock and the combustion zone and consequently
lowers the pressure ratio. These results suggest that the analytical calcu-
lations of spray detonations based on this model overestimate both the
detonation velocity and pressure ratio.

Using these values to estimate deflagration and detonation pressure
ratios in the 100-1b thrust hypergolic engines, it was assumed that: (1) the
propellants enter the combustion chamber at the rate of 150 grams per second
(0.33 pounds per second), (2) ignition is delayed 5 milliseconds, and (3) all
the injected propellant is retained in the engine, resulting in an accumulation
of 0.75 grams of the mixture prior to ignition.
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From the previous discussion it can be seen that, if the volume of
liquid to gas in the heterogeneous mixture is negligibly small, the detonation
parameters are dependent solely on the mass concentration of propellant
mixture, whether liquid or gas. The entire mass of propellant can then be
converted to gas at constant chamber volume before making the calculations.
Thus we find that 0.75 grams of propellant mixture yields a gas pressure of
about 3.7 atmospheres in these 100-cc-volume engines. For a constant volume
deflagration the pressure should increase by a factor of about 8 or 400 psia.
The detonation pressure ratio, however, for the N H4/N20 system initially
at 25°C is about 15 to 1, giving a detonation pressure o% 55.5 atmospheres.
Multiplying this by 2.5 (2 to 2.5 are the usually accepted factors to account
for reflection from the chamber walls), yields a total reflected detonation
pressure of 140 atmospheres or 2,100 psia; this compares with a reflected
detonation pressure of 600 psia corresponding to an initial chamber gas
mixture pressure of 1 atmosphere. 1In view of the maximum values used in the
calculation, both the deflagration and detonation pressures have been over-
estimated. Considering the fact that Ragland et al, measured detonation
pressure ratios approximately 30 percent lower than the theoretical value
(apparently due to the extended reaction zone of heterogeneous detonations),
it appears that this value might also be larger than the real value, and,
in fact, it may be 70 percent as large or 1,500 psia.

In studies conducted in 1952, Loisonl8/ demonstrated that pipes having
their interior surfaces covered with a thin film of combustible liquid and
filled with oxygen could support stable detonations when initiated by shock
waves of suitable strength. Similar studies were also conducted by Gordeev,
Komov, and Troshinl2/ in 1965; they used oil films and oxygen which were
initiated by methane-oxygen detonations, lead azide, or exploding wires.
Ragland et al,=—~/ conducted similar but more extensive studies using
diethylcyclohexane films and oxygen in glass pipes. They measured detonation
velocities and pressure ratios of 3,750 feet per second and 17 to 1, respec-
tively, considerably below the values obtained for the sprays. High speed
photographs of these detonating film-gas systems showed that the combustion
process occurs in the boundary layer in the wake of the shock wave. This
would explain the low values observed for the detmation pressure and velocity
since the coupling between the combustion zone and the shock front would be
weaker than for the spray detonation. By applying these results to the rocket
engines, one finds that when the effect of the combustion of the Aerozone-50
coolant film covering the chamber's interior walls is included, the calculated
detonation pressures increase from 2,100 to about 2,500 psia. It appears from
this discussion that ignition pressure spikes as large as 2,500 psia, although
rare, could be generated by heterogeneous detonations, whereas, deflagfative
combustion of this same heterogeneous system results in combustion pressures
smaller than 500 psia.

If both types of combustion processes (detonation versus deflagration)
occur in the engine, one would expect to find a binormal distribution of the
pressure spikes; the mean pressure spikes corresponding to deflagration
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(<500 psia) and detonation (~-2,000 psia in reflection) should be separated
by a factor of at least 2, and the factor should be greater when considering
the wide differences in burning velocity. However, such a binormal distri-
bution in the pressure spikes has not been observed.

It has been shown that by assuming the existence of heterogeneous
detonations one can account for reflected pressure spikes as large as 2,500
psia. However, it is not yet clear how such detonations originate. If one
assumes that the combustion starts with a thermal ignition (representing a
soft ignition) in the gas phase, the initial flame kernel would be defla-
grative since a shock front is not initially present; in the case of strong
electric spark ignitions a shock wave is created, and it is conceivable that
this wave and the chemical reaction couple to create a detonation. Since
this is not the case for thermal ignitions, however, the combustion process
itself must somehow create the shock in order to transit to a detonation.

There are currently two theories concerning the transition of a defla-
gration to a detonation. One theory maintains that acoustic waves generated
by a propagating, and preferably, accelerating deflagration culminate in a
shock wave that heats the reactants immediately behind it to their ignition
temperature and the shock wave followed by this deflagration, form a detona-
tion. 1In the other theory it is believed that the original deflagration
eventually merges with the shock it created (this is possible since the
deflagration always travels in the compressed gases behind the shock) forming
a detonation. Both of these mechanisms require a finite distance of travel
before a detonation can form; usually this "induction'" distance is some
function of the vessel size and geometry. Stern, Laderman, and Oppenheimgg/
have recently studied the acceleration of flames in detonable gas mixtures
initiated by hot wires. Similar studies, previously conducted by Bollinger
and Edse,zl/ using 2-inch diameter by 6-foot long cylindrical pipes, showed
that several feet of deflagration travel in a stoichiometric hydrogen-oxygen
mixture was required for the combustion process to attain a stable detonation,
although no sharp demarcation separated the two. By extrapolating their
results to lower velocities, it was found that the flame front attains speeds
greater than sonic (300 meters per second) after approximately 1 foot of
travel in the apparatus. The nature of the flame acceleration process depends
on numerous factors including the mixture temperature, pressure, homogeneity,
turbulence and the size, geometry, and condition (roughness) of the confining
vessel., A complete discussion of these parameters is beyond the scope of
this report. 1In general, it has been found that chambers whose diameter-to-
length ratios are about one, exhibit oscillatory, but not detonative, com-
bustion. On the other hand, turbulence, which is certainly present in these
engines, tends to shorten detonation induction distances, while the presence
of droplets increases them. Based on the results of previous studies one
might anticipate that ignition in these engines, if thermal in nature, should
not transit to a detonation within the engine volume. However, the previous
investigators were concerned with quiescent systems having simple vessel
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geometries., The turbulence and heterogeneity of the system in combination
with the velocity gradient in the convergent section of rocket engines pro-
vide an effective increase in the engine length, particularly for flames
originating in the vicinity of the throat.

As can be seen, there exists a number of possible modes for the formation
of heterogeneous detonation, however the problem is to determine which, if
any, of these various possibilities contribute to detonation.

Condensed Phase Combustion: Three types of condensed-phase material
apparently accumulate on the interior walls of the engine combustion chamber:
(1) frozen mixtures of the propellants, (2) unmixed liquid deposits of the
propellants, and (3) productas of preignition or post combustion reactions.

It is conceivable that any or all of these materials could be contributing
to the hard start phenomenum. Since it is now known that all of these
systems exhibit explosive characteristics the possibility of any one con-
tributing to the hard start problem cannot be overlooked.

During the early stages of the engine pressurization, frozen mixtures
of each of the propellant fuels, N2H , MMH, and UDMH, in combination with
N,O,  are formed when the chamber pressure is sufficiently low that vapori-
zation of the liquid freezes the drops. The Bureau demonstrated that frozen
stoichiometric mixtures of Aerozine-50/N_O, and UDMH/N O, exhibit detonation-
like combustion when their temperature eXceeds -60°C. “Similar mixtures of
N,H, /N, O, and MMH/N_O, burned violently, but not detonatively, at this tem-
perature. The mixtures studied were loosely packed, and as a result, the
initial reactions dispersed the material, possibly preventing a detonative
combustion., It is believed that increasing the packing density will increase
the frequency of detonative combustion. Further reaction of these mixtures
in heavy walled containers, such as a rocket engine combustion chamber, might
provide sufficient confinement to initiate detonation. It is also believed,
primarily from the experiments of Weiss,Z22/ that this violent reaction is a
result of the thermal decomposition of a cryogenically unstable intermediate
formed from the propellants at temperatures below the reaction point, although
the exact nature of this intermediate has not been determined.

When frozen mixtures did not burn detonatively, a viscous yellow residue
usually remained in the container following the reaction. Infrared analysis
of the residue from the NZH /N204 reaction showed it to be primarily a water
solution of hydrazine nitra%e, an explosive material.

The propellants used in these engines are stable materials not individually
susceptible to detonation in either bulk or spray form., However, the presence
of less than a few percent oxidant (O, or N_.O.) in N_H sprays sensitizes the
system so that it can support detonat on—liﬁe4combus%ion with an energy release
equivalent to about 140 percent of that released by an equivalent weight of
TNT.
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In other experiments at the Bureau, liquid mixtures of these fuels when
mixed sufficiently rapidly, with N, O , burned explosively releasing energies
equivalent to about 160 percent that of TNT, apparently, independent of the
type of fuel used. Although TNT equivalences of the frozen mixtures were
not measured, their values are believed to be similar to those of the
liquid systems. From these studies it is apparent that explosions in the
combustion chamber could conceivably originate from the combination of
propellants.

It has been found, however, that propellants are not the only source
of explosive reactions in these engines. Residues removed from MSC 100-1b-
thrust A-50/N O4 engines following altitude firings have been found to con-
tain apprecia%le amounts of hydrazine nitrate (HN). In some cases the
samples of residue removed were crystallized deposits of HN and, in others,
water solutions of HN. Most of the latter solutions did not have a sufficient
HN concentration to constitute a detonable mixture. However, these samples
were removed from engines that had not spiked--a fact that may attest to their
nondetonable nature. To support these findings studies were extended at the
Bureau's Explosives Research Center using a two-dimensional transparent
engine and the propellant combinations N_H,/N_O , MMH/N O4 and A—50/N20 .
In these studies it was determined that a”chemical reaction occurred during
the preignition period as evidenced by the deposition of a liquid residue on
the chamber walls. The N2H and MMH systems formed wall deposits consisting
of water sclutions of HN ang monomethylhydrazine nitrate (MN), respectively;
UDMH/N_O, formed predominately ammonium nitrate (AN) solutions and A-50/N_0O
formed an HN solution. Similar studies conducted by Seamans23 using the 24
MMH/N_O combination also disclosed that MN is a major constituent of these
residues.

Why ammonium nitrate is a product of the UDMH/N_O, preignition chemistry
rather than its fuel nitrate (unsymmetrical dimethyl hydrazine nitrate UN))
has not been established. Ammonium nitrate was originally thought to be an
intermediate preignition product, and it was assumed that this subsequently
reacted with the fuel in the wall coolant film of the MSC A-50/N,O, engine
to form HN; however, since the Bureau's engine has no wall coolant film this
theory looses much of its plausibility. In view of ammonium nitrate's
relative shock stability compared with the fuel nitrates, the particular
propellant combination UDMH/N_O, 6 should be less prone to exhibit residue
detonation. From gas phase s%uéies conducted earlier at the Bureau the
remaining products of the preignition reaction appear to be N_ O, H_O and Nz.
Fortunately, the quantity of these nitrates deposited in the engine during
a single pulse was found to be relatively small (<2 percent) compared with
the theoretically possible amount. If this were the only mechanism of nitrate
formation, it is estimated that, in the case of the N_H /N204 engine,
approximately 40 engine pulses would be required to accumulate 1 gram of the
respective nitrate. Moreover, although it has not been established, it is
believed that the majority of these nitrates are formed during the post
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combustion period when considerably larger amounts of these propellants
dribble into the engine from the emptying propellant manifold.

In addition to knowing when and how much nitrate accumulates in these
engines, it is also essential to understand their combustion characteristics,
particularly with respect to their detonability in the engines. In this
regard Bureau investigators prepared the three fuel nitrates and studied
their physical and combustion characteristics; ammonium nitrate has been
previously studied by numerous investigators and its combustion character-
istics are comparatively well established. One of these fuel nitrates,

HN, has been of interest in explosive research for many years, primarily
because it represents a smokeless explosive since its explosion products

are only nitrogen and water. It was first prepared by Curtius and Jaygﬁ/

in 1889 and has subsequently been studied by a number of investigators.

Many attempts have been made to use HN as an constituent of artillery
projectile propellants, and as a result, considerable information pertaining
to its explosive properties has accumulated. HN exhibits two crystallographic
forms; unfortunately, all the investigations to date, including those by the
Bureau, have been confined to its beta form, and no information is available
on the alpha form. These two forms probably have different explosive
characteristics, as in the case with lead azide, which also has two
crystalline forms.

One of the more interesting characteristics of HN is its relatively
low combustion temperature, 2,400°C.2§/ It is generally agreed that in
bulk form the pure material decomposes explosively at about 300°C. However,
in Bureau experiments using thin (0.1 inch) films of molten HN, it was
found that HN could not be initiated to detonation by either flames, hot
wires or jets of liquid N_,O_, although it was previously established that
such films of molten HN having thicknesses as low as 0.0l inches could
support a stable detonation. Furthermore, solutions of HN and N H having
HN concentrations greater than 25 weight percent have been shown“to support
stable detonations in thin films. Aqueous HN solutions with HN concentrations
greater than 70 weight percent are similarly detonable. It was also found
that these films exhibit two detonation velocity regimes; a high velocity at
about 2.5 x 10" feet per second and a low velocity of about 0.5 x 104 feet
per second. It follows that the high velocity detonation will travel the
2-inch length of a 100-1b-thrust rocket engine combustion chamber in about
10 microseconds, the lower velocity taking about 50 microseconds. Comparing
these times with the engine exhaust times of about 500 microseconds for a
chamber gas temperature of 3,000°K, it is seen that the detonation combustion
process is completed before the engine has had an opportunity to dump the
detonation products. Shidlovoskii, Semishin, and Simutingg/ observed that
molten HN contained in glass tubes did not support stable burning; aggarently
the combustion transited to a detonation. Moran, Burnett, and Smith__/ found
that on heating vessels containing HN-NZH solutions, an explosive reaction
occurred only after the liquid portions o? the samples had either completely
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burned or vaporized and the vessel temperature had risen to about 300°C.
The infinite charge diameter detonation velocity of HN can be expressed as
Vp = 5310+ 98.4 meters per second,g§ where € is the explosive density in
grams per cubic centimeter. The gap sensitivity of HN has been measured

by Eyster, Smith and Waltongg/ to be 50 percent greater than that of TNT,
indicating that it is a relatively safe explosive to handle. Neither gap
values nor detonation velocities have been obtained for MN or UN. Impact
sensitivity experiments conducted at the Bureau established that these fuel
nitrates are more sensitive to impact than ammonium nitrate. The order of
increasing sensitivity appears to be AN, UN, MN, and HN. TNT equivalences,
measured by the Bureau, are 142, 136, and 106 for HN, MN, and UN, respec-
tively. Dwigging and Larrick39/ determined the detonable region for the
ternary system N H -HN-water. While not particularly sensitive to detonation
initiation, it is apparent from these results that the fuel nitrates (HN,
MN, and UN) are relatively strong explosives.

Although there are still many questions to be answered concerning the
properties of these materials, it seems fairly well established that their
presence in rocket engines represents a hazardous situation.

Additional studies were made to determine the physical characteristics
of these fuel nitrates. However, since they are not directly related to the
spiking problem, a discussion of these results is presented in Appendix I.

IVv. EXPERIMENTAL STUDIES

This section describes the various experimental studies investigated
by the Explosives Research Center and problems related to ignition spiking
and also discusses the pertinent work of other investigators.

The first section describes the studies to identify the nature and
formation of the engine residues generated during low pressure pulse mode
operation. The second section discusses the results obtained from studies
concerned with the combustion characteristics of the propellants and the final
section concerns the combustion characteristics of the fuel nitrates and

related materials.

Two appendices are attached. One concerns the physical and thermochemical
properties of the various fuel nitrates and the other, the structural and
inertial response of small engines to internal explosions.

Materials: The N2H , MMH, and A-50 used in these experiments were pur-
chased in 5-pound quanti%ies from Olin Mathieson Chemical Corporation at
stated purities of 97.5, 98.0 and 98.2 percent, respectively. The UDMH,
having a purity of 99.7 percent, was purchased from Food Machinery Chemical
Company, and the N,O,  having a purity of 99.0 percent was purchased from the
Matheson Company, Inc. Gaseous oxygen and nitrogen were purchased at 99.9
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percent purity in compressed gas cylinders. Liquid nitrogen was supplied
by the Linde Division of Union Carbide Corporation and was 99.99 percent
pure. All of these materials were used as received, without drying or

purifying.

The No. 8 detonator was a duPont product consisting of a copper alloy
shell containing 0.20 grams of lead azide and 0.45 grams of PETN, sealed
with a neoprene plug. The J-2 Army special detonator is a Hercules product
consisting of a commercial bronze shell canister (3-inch long by 0.228-
inch diameter) containing a main explosive charge of 0.94 grams of PETN.

The tetryl pellets used in these experiments were pressed from tetryl powder
into cylindrical pellets measuring 0.75-inch in diameter by 0.25-inch in
height and weighed to the nearest 0.01 gram,

Engine Residues: Samples of residues collected by MSC personnel from
their qualifying engines following firing at low pressure («0,05 psia) were
analyzed at the Bureau. The weights of the majority of the samples were
less than one gram. The samples were first freeze~dried to separate the
liquid and solid fractions. The liquid portion was always water clear and
the solid was usually a straw yellow. The liquid portion was analyzed by
gas—liquid chromatography using a 3-foot column of Carbowax 1540 at a
temperature of 45°C. The solid portion was mixed with potassium bromide
and pelletized for infrared analysis. Table 1 shows the composition of
those samples received by the Bureau in satisfactory condition for analysis;
several samples were either too small for satisfactory analysis or they were
lost in shipment. These results show that, except for sample No. 24, water
and HN were the major constituents of these residues. Later studies showed
that none of the solution samples received had sufficient HN to constitute
a detonable system.

Following these observations the Bureau completed construction of its
2-D transparent engine facility and experiments were conducted to determine
the quantity of, and the time period of the pulse cycle during which the
HN was being formed.

Figure 2 shows the essential details of the 2-D engine. The first study
was concerned with investigating the preignition period. To avoid the usual
post combustion reactions resulting from combination of the propellants following
the closure of the propellant valves in the MSC engines, a piston displacement
technique was selected for introducing the propellants. The pistons were made
of teflon and separated the liquid propellants from the hydraulic driving fluid,
which was usually water. An aluminum foil diaphragm and a teflon O-ring sealed
the bottom of the glass lined propellant reservoirs., A hydraulic, rather than
2 pneumatic, line connected the high pressure driver gas (Nz) to the pistons
to increase the system's response and avoid gross water-hammer effects. To
insure reliable, simultaneous rupture of the aluminum diaphragms, it was
necessary to use nitrogen driving pressures over 300 psia. Varying the pres-
sure from 300 to 600 psia yielded fuel flow rates from 80 to 140 grams per




15

uoTjeudIsap uni 3593 ISW /¢
Aydeafojrwoiys uoririaed pinbi-ses-o19 \M
PTTOS sB poaTodax ajdueg /7
(Paea3tu $ 2z HWAL
wniuowwe 21qyISsog) C' 1y ouT ZeapAH
06< NH 0°¢6 a23EM 1L/62 \mAqN %¥901q 1933e) dndoag 99/61/8 vZ
umouw un
utdtio ‘sasynd QO 1933E
06 < NH \Mo\ooH 99-0¢-/ UN{e] Inprsay 99/¢/8 61
2C-6& "ON una
06 < NH \Mo\ooﬂ 3urmoir03 @283 10309[UT 99/21/L 91
06 < NH \wc\ooﬁ I2qUEBYD U0TISNqUOd 39320y 99/¢1/!¢ 71
s1sAleue 31qe Z umouyuy]
-119X 10] paisancdax 0 autzelIpiH
anpIsai y3nous jJoy 26 Iolem £6/1 pnoays 3urjioon 99/71/L €1
G umou|ug
0 JUTIZBIAPAY T1em xaqueyd
06 < NH G6 938N 9/ 86 TejusuwuoiTauy 99/21/L 1
06 < NH \m¢\ooH 91zzou 3820y 99/9/9 01
qUu02104 IYy3topm JUAIDIDG O[O JudaniIIsuod orpey 14y3Tom oT1dueg Jo ur81iQ PoAT2009Yy " ON
(srs&rruy poavajuy) =019 Kq pozAireuy) QATLITIASTQ/ ONpTsoy ajeq adueg

uoT3isodwo) anprsoy

wa sodwo) DIRTITISI(

SOUPISOY HSW Jo uoTirsodwo)d - 1 ATIAVI

LAOD 'S



1.A0H 's'n

D transparent rocket engine.

2-

Figure 2



U.S. Gov't

16

second and oxidant flow rates from 115 to 165 grams per second. Further
adjustments in the flow rates were made by changing the diameter and length
of the injector capillaries. A piezoelectric pressure transducer, flush
mounted in the engine's wall, monitored the preignition pressurization
process. The engine exhausted into a 67-1liter evacuated (0.0002 psia)
cylindrical vessel, whose volume was sufficiently large to insure that

the flow at the throat remained sonic during the maximum anticipated time
of propellant injection.

Although ignitions occurred in most of these runs, it was later found
that they had no apparent effect on the results. The factors studied in
the first investigation included the liquid injection rate, controlled by
means of the N, driving pressure, and the fuel type. The F/0O ratio cor-
responded to the stoichiometric value for each propellant combination.

A high speed framing camera operating at about 6,000 frames per secondd
photographed the entire process including the motion of the teflon pistons.
It was from these photographic records that the propellant flow rate was
determined. The films showed that during the period of propellant injection
a residue material was being deposited on the chamber walls. The pulse in
general lasted approximately 5 milliseconds with ignition occurring at the
end of the process. Following each experiment, a 0.1 milligram sample of
the residue deposited on the engine walls, was removed for infrared (IR)
identification. The remaining residue was washed from the chamber with
distilled water and analyzed for total nitrate by the Nitron precipitation

technique.él/

The nitrates were identified by comparing the residue infrared spectra
with that of previously synthesized material. These infrared spectra and
the total nitrate analysis verify that the synthesized materials were in
fact the desired nitrates of the respective fuels with purities greater
than 99 weight percent. Figure 3 shows the IR spectrum of the various
prepared fuel nitrates, AN, and the respective 2-D engine residues. The
residues from the A-—5O/N204 combination had the same spectrum as those
from the N H4/N O  experiments. Table 2 shows the quantity and type of
nitrates accumu%a%ed in the 2-D engine during a single pulse with this
engine; the results are the average of four experiments. No evidence for

TABLE 2., - Nitrate Accumulation in 2-D Engine
During Single Pulse

Fuel Nitrate

Type Quantity (gm) Type Quantity
(% Theo-
retical)

N2H4 0.5 HN 2.4

MMH 0.5 MN 1.2

UDMH 0.5 AN 1.6

A-50 0.5 HN 2.0
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the presence of any parent fuel was found in any of these residues. Water
appears to be the only other constituent of the residues in addition to the
indicated solid.

It is interesting that the UDMH fuel forms primarily AN in the pre-
ignition period with no evidence for the presence of UN, although both N2H
and MMH form their respective nitrates. These findings agree with the
results obtained in the low pressure vapor phase reaction conducted by the
Bureau in 1961.32/ Furthermore, the results for the A-SO/N204 combination
agree with those previously observed in the MSC engine residues, that is,
that HN and water are the major constituents of these residues. On the
basis of these earlier experiments, the absence of UN or AN was presumed
to be due to the reaction of N,H, and UDMH with the N20 to form AN which
in turn reacts with the N H4 in the A-50 wall coolant film, used in MSC
engines, to form HN. Later experiments, however, established that although
liquid N_H,£ and AN react to form HN, UDMH and AN show no reaction, MMH
reacts w%th AN to form an equilibrium mixture of AN and MN. 1In view of the
results obtained (table 2) using the Bureau's engine which does not have a
wall coolant film, it seems apparent that the assumption in the earlier
experiments of AN as an intermediate loses much of its plausibility. This
is particularly evident in the case of MMH/N.O » because, if this theory
applied, one would expect to find an equilibfium mixture of MN and AN
resulting from the reaction of MMH and AN. Since this latter mixture has
not been observed, it is concluded that AN is not an intermediate.

The fact that the fuel-nitrate (or AN) always deposits on the engine
walls as a water solution and not as a solid suggests that the reaction
occurs in the liquid phase of the jets and the products then diffuse to the
walls, or the fuel deposits on the walls where it reacts with the N204 vapors
forming the residue.

Table 2 shows only the total nitrate deposited on the engine walls. It
seems reasonable that if the reaction occurs in the liquid phase of the
impinging jets, the greatest portion of the nitrates is discharged out the
throat; future experiments should determine this. It was also observed that
the fuel-nitrate deposited on the chamber walls during the preignition period
was not consumed Or destroyed during the burn period of the engine pulse
following ignition. Furthermore, the quantity of the nitrates that accumulates
on the engine walls is very likely dependent on the engine and injector manifold
geometry. Consequently, the numbers shown in table 2 for the 2-D engine used
in this study, are not necessarily applicable to other engines having different
manifold and engine geometries,

Propellant Combustion: The explosive potential of combustible materials
is a difficult concept to determine a priori. Various techniques have been
developed for determining the damaging potential of an explosive. In one of
these, the work expended during the explosive decomposition of a known weight
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of the candidate explosive is compared with similar work expended by an
equivalent weight of TNT. This technique forms the basis of the ballistic
mortar test used in the following studies in which the energy imparted to
a projectile when fired from a mortar (figure 4) with TNT is compared to
that fired with an equal weight of the candidate explosive. The absolute
resolution of the ballistic mortar in these experiments is greater than

+ 1 percent TNT equivalent at 100 percent TNT equivalent for 5-gram
explosive charges. Because of its large time constant, this instrument
cannot distinguish between a detonation and a deflagration; however its
value to this study is the ability to simulate the conditions under which
explosions occur in small rocket engines and to measure the maximum amount
of work available from the explosion. Although there are other methods of
defining TNT equivalence such as the blast wave technique, they are
difficult to reconcile with destructive work in the rocket engine.

To perform an experiment the liguid samples and the detonator are
sealed in concentric glass tubes which are then horizontally positioned
in the firing chamber of the mortar. The 35-pound projectile is loaded
in the mortar and the detonator is remotely fired and the recoil of the
mortar to the explosive reaction is measured. Energy delivered to the
mortar by the explosion is proportional to the energy released in the
reaction, and the kinetic energy is equal to the potential energy of the
mortar at its apogee. TNT equivalences of less than 10 percent for 5-gram
samples are considered nonexplosive. The apparatus is calibrated by firing
known weights of TNT. Two types of experiments were conducted using the
liquid samples. First, the individual liquid propellants were fired in
various atmospheres with a No. 8 detonator in the mortar; second, the
various liquid fuels were fired with liquid N_.O, in an N atmosphere under
similar conditions. To obtain maximum energy coupling between the exploding
detonator and the liquid, the detonator was placed under the liquid surface.
To avoid contact between the copper-sheathed detonator and corrosive fuels,
the detonator was capsulated in glass. Figure 5b shows the triple glass
tube configuration used in the experiments requiring two liquids. Since
the mass of the glass in these vessels affects the results, special care
was taken to keep the weight of glass within desired limits.

The effect of the surrounding atmosphere on explosibility was investi-
gated by purging the firing chamber with various atmospheres prior to firing
the liquid samples,

Table 3 shows the results of the experiments conducted with S=gram
samples of the individual liquids using mortar atmospheres of N2, air,
0,, and N_O ; each of these data is the mean of three consecutive experi-
ments. No attempt was made to randomize the experiments, as it was
previously established that the ballistic mortar was essentially drift-free,
None of these liquids exhibit fast exothermic reactions when fired in a
nitrogen atmosphere with a No. 8 detonator. However, when a J-2 detonator,
containing a larger explosive charge was used, the N H4 apparently underwent
an explosive decomposition with an energy release equivalent to about 80

‘V




U.S. Gov't

Power lead to control box
Support shaft-

Knife edge and plate

N "\.'f.Avf‘_‘ ;-‘_-?/. \'.,L\
SERNY 4 REA
L pa L ’ @l NI
;“:.."j‘ 45.’.:'-% : Iy, -l/,: 5'-4 ‘:I.
Qv o | Ry s 2
| /
) ‘k ~ Concrete support beam
|
g
/ | | i Detonator
) I\ nner liner lead hole
290 | Front liner

Projectile

e
(“c’? @ l‘ ] oN-CECITEacsca0s
k | 7 I/

|

I

o

~ /
/
/ L Firing chamber
' =~ Detonator SECTION A—A
lead hole
j Mortar
000 o/
| A
APr3-/03

Figure 4: Ballistic mortar apparatus. S5#




U.S. Gov't

19

percent TNT. The remaining liquids were not fired with the J-2, primarily
because this represents an unrealistically large ignition energy, not
likely to be found in the engines.

When the liquids were fired in air, O_, and N_H,6 atmospheres, only
N,H, appeared to give a large exothermic reaction. owever, it must be
remémbered that the O/F ratios for these shots were quite small since the
oxidants had been added only to determine their effect on the reaction.
Table 4 shows the calculated percentage of fuel consumed, assuming that
the fuel and oxidant reacted stoichiometrically. Table 4 also shows the
calculated TNT equivalence that would result from this reaction assuming
an energy release equivalent to 100 percent TNT equivalence for the fuel-
0O, reaction and the largest TNT equivalent value given in table 5 for the
fuel-N O4 reaction. These results explain why Herickes, Damon, and
Zabetaﬁis§§/ measured a TNT equivalence for liquid N_H,  in the ballistic
mortar although they were unable to detonate the bulﬁ %iquid; the air in

the mortar was contributing to the reaction.

The TNT equivalence of 140 for N,H /air compares favorably with the
value of 135 percent reported by Scott, Burns and Lewis.=

Table 3 shows that except for the A-~50/N_O, system when the other
fuels are fired in air, O_,, and N_O_ , the TNT equivalence is less than
10 percent, that is, below the limif of detection for this apparatus. For
the A-50/N_O, combination a mean TNT equivalence of 20 percent was obtained
which is probably attributable to the presence of N2H4 in the A-50 mixture.
Although nitromethane did not detonate with a No. 8 detonator it is
known to detonate consistently with a J-2 detonator under similar conditions.
Liquid N,O was fired in a N_ atmosphere in the mortar with a J-2 detonator
because its heat of formation is positive it was thought that it might
undergo exothermic reaction; however, the results indicated that no exothermic
reaction occurred.

In the experiments in which liquid fuel and liquid N_O were explosively
combined in the mortar, a coaxial arrangement of the glass tubes was used to
provide maximum mixing (figure 5B). The innermost tube contained the No. 8
detonator and the two outer tubes contained the fuel and oxidant in the
proper proportions to obtain a 5-gram stoichiometric mixture. To determine
if the explosive yield is dependent on the position of the fuel and oxidant
with respect to the detonator, both configurations were examined. Triplicate
runs of the eight fuel/N_O, combinations were randomized to minimize experi-
mental error, The averages of the triplicate runs for each of these permu-
tations are given as TNT equivalents in table 5.

Statistical analysis of the results showed that (1) the fuels had
significantly different TNT equivalents and (2) placing the oxidant next
to the detonator gave significantly higher TNT equivalents. The first result
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TABLE 3. - TNT Equivalences of Liquids Fired in Various Atmospheres
Propellants

Mortar

Atmosphere N2H4 A-50 UDMH MMH N2O4 CH3NO3
N2 <10 <10 <10 <10 -- <10
N, 1/ 80+20 2/ -- -- -- <10 --
Air 140+20 <10 <10 <10 -- < 10
o, 130420 -- -- <10 -- --
N204 150+40 20+10 <10 -- -- --

1/ J-2 detonator; in all other tests a No. 8 detonator was used. .
2/ The confidence intervals represent 95 percent level of significance.

TABLE 4. - Calculated Contributing TNT Equivalences of the Oxidation

Reaction
Atmosphere
Air Oxygen N204
Fuel Contributing Fuel Contributing Fuel Contributing
Fuel consumed, TNT consumed, TNT consumed, TNT
(%) equivalence (%) equivalence (%) equivalence
N 4 7.4 16 4,
2H4 1.5 14.8 65
A-50 1.0 . 2 6.1 14 12,1 50
UDMH 0.7 2 3.5 12 7.0 50
MMH 0 2 4.3 12 8.6 50

.V
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was expected. The second result indicates that the TNT equivalent depends
on the concentric arrangement of the fuel and N_O. and requires further
study. According to_the theoretical calculations of Willoughby, Mansfield,
Goodale, and Wilton,22 N H /N0, and A-50/N,0, should have the same TNT
equivalent and this is significantly lower than the corresponding maximum
value shown in table 5. The value for A-50/N,0,, shown in table 5, is also
considerably higher than that obtained by other investigators.g_ The only
value close to the Bureau's is that of 90 percent TNT equivalence for A-50/
N20 obtained in a deephole experiment.g_ These experiments show that,
ind?vidually, except for NzH , the fuels and N 04 are to be considered non-
explosive in either bulk or spray form, since %hey have been found not to
exhibit a significant exothermic reaction. On the other hand, a hetero-
geneous N H system when initiated with a source equivalent to that of a
No. 8 detonator in the presence of even small percentages of oxidant vapors,
exhibits a violent exothermic reaction having a maximum TNT equivalence of
about 150 percent. Very rapid dispersion and mixing of these fuels with

N, O, resulted in an exothermic reaction having a maximum TNT equivalence
between 140 and 160 percent depending on the type of fuel. These results
obviously support the hypothesis that heterogeneous mixtures of these fuels
and N_O in rocket engines can support a violent exothermic reaction, probably
a detonation.

TABLE 5. - Measured Maximum TNT Equivalence for Liquid-Liquid Systems

Propellant adjacent to detonator

Fuel N204 Fuel
N2H4 155 148
MMH 139 90
UDMH 156 0
A-50 159 117

A study of the combustion characteristics of mixtures of frozen pro-
pellants was also undertaken and it consisted of two parts: (1) an investi-
gation of the thermal reactions using a differential scanning calorimeter
(DSC) and small quantities of mixture, and (2) a determination of the
detonability of larger amounts of these mixtures.

In principle, a DSC is a relatively simple device consisting of a
programmed temperature controller which slowly raises or lowers the temperature
of two small cells, one containing the sample and the other acting as a
reference. The unit is purged with N, precooled with liquid nitrogen to
remove water vapor. As the sample ungergoes an exothermic or endothermic
reaction, the DSC senses and compensates for any cell temperature difference
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to keep the cells at the same temperature; the amount of energy added is
monitored and recorded. Most commercially available apparatus are equipped
with a dewar attachment for starting the experiments at low temperature.

For these experiments the DSC was calibrated with n-octane and tin.
The average of three calibrations gave a melting point of -56.2°C for
n-octane and +230°C for tin. These values compare favorably with the
reported values of -56.5°C and +231.7°C, respectively.

The frozen propellants used in the various mixtures were prepared by
slowly pouring liquid nitrogen into stirred liquid propellant, producing
frozen particles somewhat smaller than ordinary table salt. The fuel and
oxidizer were frozen in separate containers and stored under liquid nitrogen.
Approximately 10 milligrams each of frozen powdered fuel and oxidizer were
transferred to DSC sample cups and mixed at liquid nitrogen temperature.

The cups were then quickly transferred to the DSC and following the establish-
ment of thermal equilibrium, the DSC temperature programmer was started and
the sample was warmed at a predetermined rate.

Figure 6 shows a typical DSC record for an A-50/N_0O. mixture. Point A
in figure 6 marks the first indication of a slow exothérmic reaction. At
point B, a fast exothermic reaction occurs, corresponding to a vertical rise
of the trace. At this point the thermal release rate of the chemical reaction
exceeded the response of the DSC; in some cases using A-50/N_O. mixtures gave
an audible report similar to that accompanying explosive decomposition reactions.
Following this fast reaction, the trace falls slightly and then rises again
slowly to a broad peak before returning to the base line. When the DSC is
opened at point C, a yellow liquid residue is observed in the sample cups,
whereas when it is opened at point D no residue is visible. The liquid
resembles that obtained from larger quantities of mixture. Although no
infrared analyses were made, it is suspected that it consists of a water
solution of HN which decomposes exothermically to generate the second peak.
The frozen N_H /N20 , UDMH/N 04, A-50/N204 and MMH/N204 mixtures all exhibited
very similar therma% trace s%ructures.

Table 6 lists the results of the thermal experiments for the various
fuel/N_,O, mixtures showing the temperature at which the fast exothermic
reaction occurs. Neither the flow rate of the N purge nor the temperature
scan rate of the DSC, which was varied from 2° to 20°C per minute, had any
apparent effect on these values.

In other experiments using 1 to 100 grams of frozen fuel/N_O mixtures,
similar to those in the DSC experiments, violent exothermic reactionsoccurred
when the mixture temperature reached about -60°C. One out of 22 of these
experiments with A-50/N204 gave a reaction with detonation-like characteristics.
The other mixtures gave réactions that were accompanied by considerable fire
and spewing of burning debris but no detonation. However, since these experi-
ments were performed with loosely-packed frozen mixtures, it is conceivable
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that increasing the packing density will increase the frequency of the
explosive reactions. A yellow viscous residue often observed as a product
of the less violent reactions was found by infrared analysis to consist
primarily of a water solution of HN.

TABLE 6. - Temperature at which PFast Exothermic Reactions
0]
Occur for Fuel/Nz_4 Mixtures
1/
Number of Fuel— Temperatures of
Fuel runs melting point fast reaction
(°C) (°c)
N,H S +1.5 -55+1
274 = 2
MMH 2 -52.4 -61+33 —
UDMH 5 -57.2 -60+7
A-50 5 - ~-60+3

1/ Ny0, melts at -11.2°C.
2/ The large confidence interval is a result of limited sampling.

Residue Combustion: A final study was made of the combustion charac-
teristics of the nitrate salts of the various fuels, (N H4, MMH and UDMH).
Of these, HN has been studied most extensively; AN has also been studied
by many investigators, including the Bureau. A detailed account of these
results is not presented, since AN is believed to be insignificant to the
spiking phenomenum.

Both the impact sensitivity and TNT equivalences of the synthesized
nitrates of N H4, MMH, and UDMH were measured in the Bureau's standard
impact appara%us. These results, shown in table 7 with similar results
for AN, show that all the fuel nitrates are more powerful explosives per

unit weight than TNT.

30
Additional work was done by Dwiggins and Larrick——/ to determine the

detonability region of the ternary system HN-N_H -H_O. In these experiments
metal cylindrical containers of various solutions were fired at one end with
a 50-gram (1 inch by 1-5/8 inch diameter) tetryl pellet separated from the
sample solution by a thin plastic sheet (0.002 inch). A witness plate was
used to detect a detonation. In the event of a detonation a clean hole was
punched in the witness plate, otherwise the damage was minor. Figure 7 shows
the results of these experiments including the authors' data points. The
figure shows that this ternary system has a large region of detonable
compositions.

.V
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Figure 7: Detonation region for MN-N,K) -0 system at 25°C.
The triangle data points correspond to the Bureau
thin film results.
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TABLE 7. - Explosive Characteristics of the Nitrates

Thermal
Melting decomposition Impact TNT

point temperature sengitivity equivalence

(°c) (°Cc) (ft-1b) (weight percent)
HN aA:70 270 4 142

/4:62
MN 40 235 6 136
UN 47 226 12 106
AN 164 230 119 79

The Bureau conducted experiments to determine the detonability of thin
films of HN and its H_,O and N_H_ solutions, using the apparatus shown in
figure 8, developed a% the Bureau. It consists of an open plastic tray
inclined at a slight angle so that the contained sample liquid forms a
wedge329ose thickness varies from 0.625 centimeters to zero. A collapsible
probe—" extending the length of the wedge, was used to record the rate of
propagation of the detonation front. This probe is a thin metal tube through
which 1s extended a bare resistance wire separated from the tube by a spiral
of insulating thread. As a detonation propagates along the tube, it collapses
and shorts the resistance wire and the resulting changesé the resistance is
recorded on an oscilloscope. A resistive pressure gage—‘located on the
tray wall opposite the initiating explosive, provides a qualitative indication
for the presence of a detonation. The explosive initiating charge consisted
of a 50-gram tetryl pellet, 4.0 centimeters in diameter. The charge was
separated from the tray wall by a plastic spacer which provides for the
transmission of an attenuated shock into the liquid wedge. These experiments
were conducted at 75°C with molten HN, HN-H O, and HN-N H4 solutions. Figure
9 shows two oscilloscope records of the col%apsible pro%e (lower trace) and
the resistor transducer (upper trace) for a positive and negative result.

The top oscillogram in the figure is typical of a positive result showing

two detonation regions, a high and a low velocity. The high velocity
detonation, conceived first, transits to a low veloclty detonation when the
film thickness reaches a critical value. The low velocity detonation then
continues to its point of extinction at its critical film thickness. The
upper trace in figure 9A is the output of the resistive transducer showing

a strong shock striking it at the same time the low order detonation reaches
the far end of the tray. Figure 9B shows the probe signal for a negative
result (no propagation) for the 65 percent HN-H_O solution. 1In this experi-
ment the explosive shock was initially of sufficient intensity in the liquid
wedge nearest the charge to collapse the probe; however, as the trace shows,
this shock strength attenuated rapidly. Table 8 summarizes the results of
the thin film detonation studies.
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TABLE 8. - Detonation Velocities and Critical Film Thicknesses
(cft) for Both Low Velocity and High Velocity Deto-
nations for HN-Water and HN-Hydrazine Solutions

Liquid Solution Detonation Velocity
High Order Low Order
Composition HN Concentration Velocity cft Velocity cft
Weight Percent m/sec cm m/sec cm
HN 100 8,500 0.127 1,400 <«0.025%
HN/HZO 85 7,600 0.305 2,400 <£0.025
75 NOT OBSERVED 2,100 0.330
65 NO PROPAGATION
HN/N2H4 80 8,600 0.076 1,800 = 0.025
60 8,200 0.076 NOT OBSERVED
40 7,800 0.254 2,200 0.076

NO PROPAGATION

U.S. Gov't

* 0.025 cm represents the limit of resolution of the apparatus.
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From the table it can be seen that HN-H_O solutions having 65 or
less weight percent HN, do not support a sta%le detonation in thin films,
whereas HN-N_ H solutions with as little as 40 weight-percent HN still
detonate. The table also shows that molten HN, HN-H_O solutions with HN
concentrations greater than 85 weight-percent, and H§—N H, solutions with
HN concentrations greater than 80 weight-percent, exhibit stable detonation
in films thinner than 0.025 centimeters.

The thin film detonation results are included in figure 7, where it
is apparent that the binary mixture concentration limits for thin film
detonability agree with the bulk solution values reported by other investi-
gators. From this it seems reasonable to believe that results of the thin
film and bulk liquid will be in accord for the complete ternary system,

Additional experiments were performed to determine if these films could
be initiated to detonation by means of the various engine ignition sources,
Three types were investigated: (1) forced injection of liquid N_.O 6 into
molten HN; (2) hot body (thermal); and (3) flame. In the first Study, liquid
N_ O, was injected under the surface of molten HN by means of a hyperdermic
syringe and needle. Although a violent reaction with flames occurred, the
material did not detonate, and the fire subsided when the N_O, flow stopped.
In the case of the last two ignition sources the hot body was provided by
an electrically heated nichrome wire, and the flame was supplied by a
propane torch. In the case of the hot body, the molten HN burned only as
long as the wire was red hot, but it did not transit to a detonation.
Similar results were obtained for the flame. Directing the flame onto the
surface of the molten HN did not appear to produce any noticeable reaction;
however, heating the metal plate under the molten HN eventually resulted
in a rapid, but nondetonative, combustion.

V. SUMMARY AND CONCLUSIONS

The nitrates of N_H, and MMH were identified as constituents of MSC
engine residues following low pressure pulsed engine operation. These
nitrates are formed during the preignition period of the engine's pulse
history, although it is suspected that larger amounts are generated during
the post combustion period. Only about 1 percent of the theoretically .
possible quantity of HN and MN that can be formed during the preignition i
period remains in the engines after each pulse. AN was formed during the
preignition period in engines using UDMH/N_O,. However, only HN and water
were found in the residues of engines using A-50/N_O,. It is believed that
detonation of the heterogeneous contents of the engine at the time of ignition ;
can produce reflected pressure spikes as large as 2,500 psia; although this d
is not sufficiently intense to destroy the engine, repetition of this
phenomenum could result in engine malfunction. Frozen A-50/N204 and UDMH/
N_O mixtures were observed to detonate when heated to temperatures around
- OQC. Neat hydrazine spray is relatively insensitive to explosion, although
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the addition of small amounts of oxidant vapor appears to cause the system
to burn explosively, yielding a TNT equivalence of about 140 percent. The
remaining fuel sprays are not apparently sensitized by small additions of
oxidant. Liquid fuel and liquid N_O,6 react explosively, yielding a TNT
equivalence of about 150 percent. The nitrates of hydrazine, MMH and UDMH
are explosive materials having TNT equivalences of 142, 136, and 106,
respectively, and decomposition temperatures of 270°, 236°, and 227°,
respectively. Impact sensitivity studies show the order of increasing
sensitivity to be HN, MN and UN. Liquid films of HN/H_O and HN/N_H
solutions having HN concentrations greater than 65 and 40 weight percent,
respectively, can support a stable detonation., Both high velocity (7,600
to 8,500 meters per second) and low velocity (1,400 to 2,400 meters per
second) detonations have been observed in these films, Molten HN and the
more concentrated HN/water and HN/N_H solutions can support stable
detonations in films as thin as 0.025 centimeters. The explosion of 10
grams of TNT in the center of a stainless steel 100-1b thrust engine is
sufficient to rupture the engine walls and about 1 gram of TNT is sufficient
to cause permanent damage. The damage resulting from such internal explo-
sions depends not only on the charge weight but also on its location within
the chamber.
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APPENDIX I

Physical and Thermochemical Properties of the Fuel Nitrate

The HN, MN and UN used in these experiments were prepared by the
procedure recommended by the Thiokol Corporation. Both infrared and
total nitrate analysis indicated them to be over 99 weight percent pure.
Their known physical and thermochemical properties are listed in table 9.
As mentioned previously, two crystalline forms of HN exist. The beta form
melts at _80°C with no apparent decomposition or sublimation. Robinson and
McCrone3®/ found that the resulting melt supercools readily and usually
crystallizes as the alpha form. However, on seeding it with beta crystals,
it reverts to the beta form at a rate which decreases with decreasing tem-
perature. Due to the unstable nature of the alpha form, it is not possible
to determine from the MSC residues which form is actually generated in these
engines. No indication of any additional thermal (phase) changes in the
crystalline structure of HN between -70°C and its melting point has been
found; the system is therefore probably monotonic. These results agree
with those obtained by the Bureau using a differential scanning calorimeter,
Thermal studies of MN and UN made by the Bureau revealed no evidence for the
existence of more than one crystallographic form.

Although all these nitrates are deliquescent, only the deliquescent
properties of HN have been studied. Medard~"/ conducted such a study using
various Regnault mixtures (sulfuric acid of 11° Be’, 21° Be’, and 51° Bé) to
obtain the various water vapor pressure environments. Figure 10, reproduced
from Medard's report, shows his results; at 15°C HN absorbs moisture from
an environment at 90 percent relative humidity at a rate of 0.01 gram of
water per gram of HN per day. Unfortunately, Medard did not indicate the
physical condition of the HN he used, and, obviously, the granular size
and distribution are significant factors in this process.

Medard also examined the weight loss of anhydrous HN during intermittent
heating to 110°C for a period of 315 hours (apparently the author attributes
this weight loss to thermal degradation). He found this loss was linearly
time-dependent, and amounted to about 8.3x10-5 weight percent loss per
minute. Kissinger,3§/ in similar work, found that the decomposition of HN
at 130°C is "barely noticeable by the standard vacuum stability technique.'
He also reported that HN can be stored under 95 percent ethyl alcohol at
a maximum temperature of 30°C for as long as four months without any '"apparent
i1l effects.” 1In similar experiments, using 20-milligram quantities of
granulated HN (about the size of table salt), the Bureau measured weight
loss rates of 3.0 weight percent per minute at 250°C, 0.4 weight percent
per minute at 200°C, and 0.6 weight percent per minute at 150°C.

Shidlovskii, Semishin, and Simutin28/ observed "an intense thermal de-
composition of HN at 200-225°C and a flash at 270°C." This latter
observation seems to agree with results obtained by the Bureau, in which
impure HN decomposed explosively at about 270°C.




U.S. Gov't

29

TABLE 9. - Physical and Thermochemical Characteristics of HN, MN and UN

Characteristic HN MN UN

Formula weight 95.06 109.08 123.09

Density (x-ray), gm/cm3 1.661 - -

Melting point, °C 8:70.5 40.3 46.9
ot62.5

Heat of formation
K cal/mole 59.8 - -

Heat of fusion
K cal/mole 4,56 4 .47 4.31

Heat of solution
K cal/mole -8.72 - -

Combustion temperature
°C 2400 - -
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The solubility of HN in H20 and in N_H, has been studied by a number
of investigators; among these Corcoran, Kruse, Skolnik, and Liebenﬁ?/ con-
ducted the most extensive study. Their results for the three-component
system HN-H_O-N H4 are shown in figure 11. The concentration triangular
grid was not included in the figure to avoid obscuring the pertinent
features of the phase diagram structure. The figure shows the isothermal
contours for the liquidous surfaces of the ternary system and also shows
that the system has four invariant points: two ternary eutectics, a
ternary peritectic, and the eutectic of the quasi-binary system hydrazine
hydrate-hydrazine nitrate l-hydrazinate. Figures 12 and 13 show the
liquidous lines for the HN-H_O and HN-N H4 binary systems drawn from the
results in figure 11. Figure 13 indica%es the formation of the compound,
hydrazine nitrate 1l-hydrazine (NZHSNOS'N HQ)' which melts at 3°C and the
eutectic composed of 47.5 weight percent HN which melts at -46°C. The
data used to prepare these curves can be found in the authors' original

papers.

Densities of N2H and HN/H_O solutions have also been reported.
Vango and Krasinskyé@? measured the density of two HN/NZH solutions
containing a fractional percent of aniline. The Bureau a%so made such
measurements using a 2-cm3 pycnometer and a constant temperature water
bath capable of holding its temperature within iO.5°C. Figures 14 and 15
show the results of these experiments conducted at five temperatures between
room temperature and 100°C. Vango and Krasinsky's results are not included

in these figures to avoid confusion; however, their values agree satisfactorily

with those of the Bureau.
. o . 40/

Viscosities of HN/N,H solutions were measured by Vango and Krasinsky—
using a Cannon-Zhukov viscometer modified slightly to avoid evaporation or
moisture pickup. Similar experiments on HN/N_H and HN/water solutions using
a Cannon-Fenske viscometer were made by Bureau personnel. The kinematic
viscosities of these solutions are shown in figures 16 and 17, where the
kinematic viscosity is plotted as a function of the reciprocal of the
absolute temperature. Although Vango and Krasinsky's data points are not
included in these figures, their values agree with those of the Bureau.

Surface tension of HN/H_O solutions at 25°C was determined by the
Bureau using a DuNuoy tensiometer. These experiments were more difficult
than anticipated, since it was found that the surface tension of freshly
prepared HN solutions changed gradually with time. Even after standing
several days in covered containers, the phenomenum did not appear to subside,
Apparently, during the measurement the surface state of the solution was
disturbed, and, as a result, the surface tension was lowered by each
succeeding measurement. By careful preparation and filtration of these
solutions, it was possible to obtain fairly consistent results. The values
obtained by this method at a temperature of 25°C are given in figure 18.
The figure shows a fairly linear dependence of surface tension on HN con-
centration,.
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In view of the difficulties encountered with this technique, it was
decided to use another method for measuring the temperature dependence of
the surface tension of liquid HN. The bubble technique-—/ in which a fresh
surface is formed with each bubble was selected since it eliminates the
drift problem., In principle this method consists of measuring the maximum
pressure required to form a small bubble under the surface of the solution.
The bubble pressure is proportional to the sum of the hydrostatic pressure
and the ratio of the surface tension to the bubble radius. The apparatus
was calibrated with liquids whose surface tension as a function of tem-
perature was accurately known. A silicone o0il bath was used to obtain tem-
peratures up to 200°C. The surface tensions of molten HN, water and hydrazine
were measured and the results are shown in figure 19.

Above 125°C molten HN begins to decompose noticeably as evidenced by the
continuous formation of bubbles on the walls of the vessel, At 170°C the
decomposition increased to such an extent that the liquid had the appearance
of freshly poured carbonated water. The rising bubbles were so numerous
that the liquid was almost opaque. As a result of the decomposition above
125°C, the surface tension measurements became noticeably erratic.

Vapor pressure studies of HN-N _H,K solutions Sontainlng a small percen-
tage of aniline were made by Vango ang Kr331nsky__ and their results are
shown in figure 20. The figure shows the normal logrithermic dependency of
the vapor pressure versus the reciprocal of the absolute temperature.

'
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APPENDIX II

Explosive Structural and Inertial Response of Rocket Engines

Experiments were made to determine the structural damage and the
inertial response of the 100-1b thrust rocket engines to internal explo-
sive reactions. In these experiments, 3, 6, and 7.5 grams of tetryl
were fired with a No. 8 detonator at various locations in a simulated
combustion chamber. The engines used in this study were machined from
type 347 stainless steel and were similar in size and shape to those used
in the MSC qualifying studies. Figure 21 shows the combustion chambers
used in this study and the engine assembly. 8Six experiments were per-
formed using various charge sizes and locations. Figure 22 shows the
charge locations for three experiments using 6-gram tetryl charges. In
two other experiments 3 and 7.5 grams of tetryl were fired in the mid-
center position. The remaining chamber was fired with a 6-gram charge
at the mid-center position in a low pressure environment. In all mid-
center experiments the charge height was adjusted with a stainless steel
spacer located under the detonator so that the mass center of the charge

was always at the chamber center,.

To conduct an experiment, the apparatus was assembled in the bombproof o
and the charge, consisting of one, two, or three tetryl pellets glued R
together with Duco cement, was cemented to the top of the detonator. The
charge was fired remotely, and the final chamber volume was measured by

water displacement.

The results of these experiments are shown in table 10 which gives
the percent increase in the motor's maximum diameter and volume for each
tetryl charge size used. The percent increase in the maximum diameter
of the motor is plotted as a function of the charge weight at the center

position in figure 23.

Figure 24 shows a photograph of the three engines after firing in
an ambient environment using 3, 6 and 7.5 gram tetryl charges at the center
location; the peen marks on the exterior surface of the motors were used to
measure the eccentricity of deformation following each shot. Figure 25
shows a cutaway view of the engine fired with a 7.5-gram charge. The pitting
observed near the flanged end is due to the high velocity fragments from the
shell of the No. 8 detonator.

The final experiments in this series were conducted with 6-gram tetryl
charges located at the low-center and side-center positions as shown in
figure 22, The purpose was to investigate the effect of charge location
on explosive damage. Figure 26 shows the motors after each of these shots.
It can be seen that moving the charge off the axis of the motor has a pro-

nounced effect on the resulting damage.
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TABLE 10. - Changes in Motor Volume and Diameter
1/ .
Charge ,— Charge Volume Diameter
location increase increase
percent percent
3.0 Center 4.92 2.50
6.0 Center 10.72 12.45
7.5 Center 19.15 20.10
6.0 Side-center -=2/ --

6.0 Mid-low 9.05 12.85
6.0% Center 12.70 15.00

1/
2/
3/

Weight of pressed tetryl pellets exclusive of No. 8 detonator.

This motor exhibited a weight loss of 9.3 gm.

Fired in environmental pressure of < 1 torr.
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Figure 25:

Cross section of the engine after fired with a
7.5 gn charge at the center of the chamYer.
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Furthermore, in the low-center and center experiments, the resulting
notor deformation is not significantly different. The percentage change
in volume for the low-center shot is smaller than for the center shot, but
the converse is true for the corresponding change in maximum diameter,
indicating that the contour of the deformed surface in the low-center shot
is more sharply tapered than in the center one. Apparently, this is due
to the presence of the flange near the deformed area.

Since it is known that the condition of the atmosphere surrounding an
explosion can have a significant effect on the dynamics of the resulting
blast wave, an additional experiment was conducted to investigate the
effect of low combustion chamber pressures on the damage potential of the
explosion. In this experiment a 6-gram tetryl charge placed at the center
position was fired in a motor located in an evacuated bell-jar (€1 torr).
These results are shown in table 10. The percent volume increase in the
motor volume (12.7 percent) at low pressure compared with that at atmos-—
pheric pressure (10.7 percent) is not sufficient to show an effect of the
initial chamber pressure on the deformation process. This was expected since
the shock pressure in the blast wave of the explosion-is many orders of
magnitude greater than the ambient pressure, consequently, the effect of
the latter should be insignificant. From Loving's relationship and yield
strength values for type 347 stainless steel of 30x103 to 120x103 psia, it
was estimated that 0.7 to 3 grams of TNT should be capable of damaging
the simulated MSC engines. The results shown in figure 24 agree with these
findings in that a minimum of about 1 to 3 grams of TNT is required to
permanently deform these engines. This suggests that Loving's relationship
does give representative values for the limiting quantity of explosive
required to damage these engines. Ten grams of TNT appears to be the
maximum explosive charge these stainless steel engines can sustain without
rupture of their walls.

The reflected explosion shock pressures delivered to the engine walls
by these explosions were also measured. The explosive charge was fired in
a thick-walled combustion chamber, machined from cold rolled steel, having
the same internal geometry and dimensinns as the previous engines. The
resistive pressure transducer used in the thin film studies was used for
recording the peak reflected pressure. Figure 27 shows the thick walled
engine, charge location, and the related circuitry for the experiment. The
scopes used to monitor the resistance output signal were triggered by means
of a twisted pair of wires located next to the detonator. Table 11 gives the
experimental peak reflected shock pressures obtained from the oscillograms
for the various shots using 3, 6, and 9 grams of tetryl and No. 8 detonator;
the confidence intervals shown in the table represent 90 percent values. The
peak reflected pressures appear to increase approximately as the square root
of the mass of the charge. Although these peak pressures are quite large
they are also short lived (of the order of microseconds) so that the resulting
impulse is considerably less than the magnitude of the pressure suggests.
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TABLE 11. - peak Reflected Shock Pressures Resulting from
the Explosion of Various Weights of Tetryl
1/
Total=- Number Peak
Charge of reflected
Weight trials shock
(grams presgure
of TNT) (X 107 psi)
4.65 6 85 + 20
8.58 3 100 + 30
12.41 2 130 + 20

1/ Combined weight of tetryl pellet and detonator, expressed

in INT equivalent weight.
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The thrust imparted to these engines by an interval explosion is the
result of two forces--the blast wave interaction with the interior surface
of the engine, and the escape of the explosion products out the throat. An
explosion in the reaction chamber of the rocket engine generates a blast
wave, one part of which travels out of the throat while another part is
reflected off the injector face. Since the blast wave striking the injector
imparts a forward motion to the engine and the wave leaving the nozzle
contributes only a negligibly small rearward thrust, the blast wave per se
contributes a net measurable forward thrust to the engine. As the blast
waves continue to reflect from the engine's internal surfaces and to
interact, the chamber pressure approaches a uniform value. It can be shown
that the time necessary for pressure equalization in these chambers is of the
order of 20 microseconds. When the pressure is equalized, the hot com-
pressed product gases escaping from the nozzle provide an added thrust.

This thrust can be calculated from Rodean's rocket thrust transient
equations.—= For an assumed gas product chamber temperature of 3,000°K,
Rodean's equation shows that the chamber pressure drops 90 percent of its
initial value within 500 microseconds. Therefore, pressure equalization

is approximately 25 times faster than the product gas exhaust process; thus,
we are justified in partitioning the engine thrust into two segments. To
calculate the thrust imparted to the engine by the escaping product gases,
it is necessary to know the initial pressure in the combustion chamber
following pressure equalization. This pressure can be obtained from exper—
iments using the ballistic mortar. Knowing the simple kinematic description
of the ballistic mortar and the response of the mortar to the explosion of
various weights of explosives, an effective explosion pressure of 5,000 psi
was obtained for 9-gram charge of TNT. Using this value for the initial
explosion product gas pressure and Rodean's transient thrust relationships,
a total impulse of 2x10° dyne-sec was obtained.

The ballistic mortar was used to measure the impulse delivered to these
engines from these explosive reactions in the combustion chamber. 1In these
experiments, the thick-walled engine, previously used in the blast pressure
experiments, was machined to fit snugly in the mortar, in place of the
firing chamber. The projectile was not used, as the purpose was to measure
the thrust imparted to the mortar by the explosion products escaping from
the engine. Three, 6 and 9 grams of tetryl, respectively, were glued to
the top of a No. 8 detonator and were used as the explosive charge. The
engines were loaded and the experiments were conducted in much the same way
as the previous experiments using the ballistic mortar. From the response
of the mortar the impulsive response of the explosion was determined.
Figure 28 shows the results of these experiments. An equivalent 9-gram
TNT charge, for example, results in an impulse of 2x106 dyne-sec. This
is an order of magnitude greater than the impulse calculated above for the
product gas exhaust process, indicating that the reflection of the blast
wave from the injector face accounts for the major portion of the impulse,
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or about 1.8x106 dyne-sec. Using this value and the mean peak explosion
pressure of 30x10° psia for the 9-gram TNT charge (table 11) and assuming
that the explosion pressure pulse if triangular in shape, it can be shown
that this 2x10° dyne-sec impulse corresponds to a half-life of about 150
microseconds for the reflected pressure pulse.
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